Abstract Human killer cell immunoglobulin-like receptors (KIR) recognize A3/11, Bw4, C1, and C2 epitopes carried by mutually exclusive subsets of human leukocyte antigen (HLA)-A, -B, and -C allotypes. Chimpanzee and orangutan have counterparts to HLA-A, -B, and -C, and KIR that recognize the A3/11, Bw4, C1, and C2 epitopes, either individually or in combination. Because rhesus macaque has counterparts of HLA-A and -B, but not HLA-C, we expected that rhesus KIR would better recognize HLA-A and -B, than HLA-C. Comparison of the interactions of nine rhesus KIR3D with 95 HLA isoforms, showed the KIR have broad specificity for HLA-A, -B, and -C, but vary in avidity. Considering both the strength and breadth of reaction, HLA-C was the major target for rhesus KIR, followed by HLA-B, then HLA-A. Strong reactions with HLA-A were restricted to the minority of allotypes carrying the Bw4 epitope, whereas strong reactions with HLA-B partitioned between allotypes having and lacking Bw4. Contrasting to HLA-A and -B, every HLA-C allotype bound to the nine rhesus KIR. Sequence comparison of highand low-binding HLA allotypes revealed the importance of polymorphism in the helix of the α 1 domain and the peptidebinding pockets. At peptide position 9, nonpolar residues favor binding to rhesus KIR, whereas charged residues do not. Contrary to expectation, rhesus KIR bind more effectively to HLA-C, than to HLA-A and -B. This property is consistent with major histocompatibility complex (MHC)-C having evolved in hominids to be a generally superior ligand for KIR than MHC-A and MHC-B.
Introduction
Human killer cell immunoglobulin-like receptors (KIR) form a diverse, polymorphic family of receptors for human leukocyte antigen (HLA) class I that diversify the repertoire and response of NK cells (Purdy and Campbell 2009) . Genetic studies have found that counterparts to the variable human KIR gene family are present only in species of simian primate , while functional studies have demonstrated that chimpanzee ), orangutan , and rhesus macaque KIR (Rosner et al. 2011 ) are major histocompatibility complex (MHC) class I receptors like their human counterparts. The KIR gene family comprises several phylogenetically distinct lineages that have co-evolved with different epitopes of MHC class I. Human lineage II KIR recognize the Bw4 and A3/11 epitopes carried by HLA-A and -B. In contrast, the lineage III KIR recognize the C1 epitope, carried by HLA-C and two HLA-B allotypes, and the C2 epitope carried only by HLA-C (Rajalingam et al. 2004 ).
Old World monkeys have counterparts to HLA-A and -B, but not to HLA-C (Adams and Parham 2001) . Consistent with this distribution, Old World monkeys have diverse lineage II KIR genes, but little lineage III KIR diversity (Blokhuis et al. 2010; Hershberger et al. 2005; Kruse et al. 2010; LaBonte et al. 2001; Palacios et al. 2011; Sambrook et al. 2005) . Only hominoid species with a counterpart to HLA-C-chimpanzee, bonobo, gorilla, and orangutanhave diverse lineage III KIR genes (Abi-Rached et al. 2010b; Guethlein et al. 2007 ). These correlations indicate that lineage II KIR evolved to recognize MHC-A and MHC-B, whereas lineage III KIR evolved to recognize HLA-C. In this context, we expected that lineage II rhesus KIR should recognize MHC-A and MHC-B better than MHC-C. A recent analysis of the interaction of nine rhesus lineage II KIR-Fc fusion proteins with 15 rhesus MHC class I variants (6 Mamu-A, 7 Mamu-B, and 2 Mamu-I) expressed by transfected class I-deficient K562 cells, showed that four KIR-Fc (3DLW03, 3DL05, 3DL11, and 3DS05) recognize Mamu-A, but no reactions with Mamu-B or Mamu-I were detected (Rosner et al. 2011 ). Here we investigated the recognition of human HLA-A, -B, and -C by the same set of rhesus lineage II KIR-Fc.
Materials and methods

KIR-Fc fusion proteins
KIR-Fc fusion proteins were made as described previously (Rosner et al. 2011) . Briefly, the immunoglobulin (Ig) domains and stem were amplified from rhesus KIR cDNA clones. Products were cloned into pGEM-T Easy vector (Promega) and sequenced to check for errors. Inserts were cut with EcoRI and ligated into pFUSE-hIgG1-Fc2 vector (Invitrogen). These constructs were stably transfected in 293 (human embryonic kidney, DSMZ) cells. After a 3-day incubation in ultraCHO serum-free medium (Lonza), supernatant was harvested and KIR-Fc fusion protein was purified using MAbTrap Kit (GE Healthcare). Eluted KIR-Fc fusion protein was concentrated with Amicon Ultra-30 columns (Millipore).
HLA class I binding assays
Binding of KIR-Fc fusion proteins to 29 HLA-A, 50 HLA-B, and 16 HLA-C allotypes was assessed using LABScreen single-antigen bead sets (One Lambda). Measurements were made with Luminex 100 as described by (Moesta et al. 2008) and KIR-Fc binding was normalized to that of W6/32, a mouse monoclonal antibody that recognizes all HLA class I isoforms with similar avidity (Barnstable et al. 1978; Brodsky and Parham 1982a, b) .
Determination of HLA class I positions of significance
Based on their interaction with 3DLW03, all tested HLA class I were ranked and divided into groups of high-binding (top one third), intermediate-binding (middle one third), and low-binding (bottom one third) allotypes. Significant differences between the high-and low-binding groups were tested for at each position of sequence variation, comparing all HLA class I, as well as HLA-A and HLA-B separately. Separate comparison was not possible with HLA-C, as it is not represented in the low-binding allotypes. Significance was measured using the chi squared test, accepting twotailed P values of less than 0.0001 as significant. An additional requirement for a position to be significant was that the most common residue at the position be different for the two groups.
Results
Rhesus lineage II KIR-Fc fusion proteins were tested for binding to a panel of 29 HLA-A, 50 HLA-B, and 16 HLA-C allotypes class I using the sensitive, robust, cell-free binding assay we previously described (Moesta et al. 2008 Older Aguilar et al. 2010) . All nine rhesus KIR-Fc had demonstrable interactions with HLA class I, but they varied in avidity to form three groups: 3DLW03 stood out for its strong reactions, 3DS05 and 3DSW08 had intermediate reactions, and the remaining six KIR-Fc had weak reactions (Fig. 1) . Of the four rhesus KIR shown previously to bind Mamu-A ligands, one had high avidity for HLA class I (3DLW03), one had intermediate avidity (3DS05) and two had low avidity (3DL11 and 3DL05). Overall, the binding profiles of the nine rhesus KIR-Fc are similar, and the differences between them can be explained either in terms of avidity or specificity, as previously described for human KIR2DL2 and KIR2DL3 (Moesta et al. 2008) . From examining the nine KIR-Fc proteins as a group, it is both striking and unexpected that HLA-C is the dominant target, both in the breadth of the reactions, which embrace all HLA-C allotypes, and their strength. This is particularly evident for the low and intermediate avidity receptors (Fig. 1) .
Reactions with HLA-A and HLA-B were most clearly revealed by high avidity 3DLW03, but are also partly mirrored in the profiles of the intermediate and weaker KIR (Fig. 1) . To some extent, many of the HLA-B allotypes bound 3DLW03, but on average the reactions were stronger for Bw4 + HLA-B than Bw4 − (Bw6) HLA-B, a discrimination that became more pronounced at the HLA-A locus, where the only strong reactions were with Bw4 + HLA-A allotypes (Fig. 2) . The binding of 3DLW03 to Mamu-A1*001, which has a Bw4 sequence motif, was shown to be reduced by~80% when the Bw4 motif was mutated to the Bw6 sequence motif (Rosner et al. 2011) . That the mutant retained 20% of the binding shows that the distinction between Bw4 and Bw6 is less clear-cut in rhesus than in human, as is also apparent from the mixed Bw4/Bw6 sequence motifs that occur naturally in some rhesus MHC class I (Rosner et al. 2011) . In comparison to the human, chimpanzee, and orangutan KIR that we have studied with this binding assay (Graef et al. 2009; Moesta et al. 2008 Moesta et al. , 2009 Older Aguilar et al. 2010) , 3DLW03 has the broadest reactivity for HLA-A, -B, and -C (Fig. 2) .
Although surprising, the observed specificity of rhesus KIR3D for HLA class I is very unlikely to be a consequence of experimental artifact. Variation in the representation of the various HLA class I allotypes on the surface of their respective beads is controlled by normalizing KIR-Fc binding to that of the W6/32 monoclonal antibody, which binds a conserved epitope of HLA class I (Brodsky and Parham 1982a, b) . The low background in the binding assay is demonstrated by the many HLA class I allotypes that do not bind to rhesus KIR-Fc ( Figs. 1 and 2 ). The strong signal and sensitivity of the assay over two orders of magnitude have been demonstrated in our previous publications, as have correlations of structural polymorphism and patterns of cellular cytotoxicity with the observed expected and unexpected binding reactions (Graef et al. 2009; Moesta et al. 2008; Older Aguilar et al. 2010) . To identify HLA class I polymorphisms that influence binding to 3DLW03, the 95 allotypes were divided into high (top one third), intermediate (middle one third), and low (bottom one third) binding groups (Fig. 3a) . The highbinding group comprises 4 HLA-A, 14 HLA-B, and 13 HLA-C allotypes; whereas the low-binding group comprises 17 HLA-A, 14 HLA-B, and no HLA-C allotypes. Thus HLA-C allotypes tend towards high-binding, HLA-A allotypes tend towards low binding, and HLA-B allotypes evenly distribute between the two categories. The residue frequencies at each position of substitution were compared for the high-(top one third) and low-(bottom one third) binding HLA class I allotypes. In 37 of the 274 positions examined, certain residues were found to be significantly over-represented in either the high-binding or low-binding group of allotypes. These positions comprise 19 in the α 1 domain, 11 in the α 2 domain, and 7 in the α 3 domain (Fig. 3b) . Fourteen of the sites are in the α 1 helix, a major contact site with KIR, including residues 76 and 80 that determine the binding of lineage III human KIR2D to C1 and C2 (Mandelboim et al. 1997) , and residues 77, 79-83 that determine the binding of lineage II human KIR3D to Bw4 (Sanjanwala et al. 2008 ) and 3DLW03 to Mamu-A (Rosner et al. 2011) . For example, arginine 83, the only Bw4 motif residue necessary for KIR3DL1 interaction (Sanjanwala et al. 2008) , is almost universally present in the high-binding HLA-A and -B allotypes, whereas no HLA-B and only one HLA-A in the low-binding group contain arginine 83. In contrast to the concentration of overrepresented sites in the α 1 helix, position 156 is the only such site in the helix of the α 2 domain.
As 15 of the overrepresented sites, nine in the α 1 domain and six in the α 2 domain, are residues that form peptidebinding pockets (Fig. 3b) , we looked for differences in peptide preference that might correlate with binding to 3DLW03. For 50 of the 95 HLA class I allotypes tested there is information on the peptide preference in the SYFPEITHI database (Rammensee et al. 1999) (Fig. 4) . Of these, 23 were above the median binding level with 3DLW03 (Fig. 4a) , and 27 were below (Fig. 4b) . The most obvious difference between the two groups is at P9, the carboxy-terminal anchor residue of the peptide, which is situated within the KIR-binding footprint (Boyington and Sun 2002) . None of the high-binding allotypes favor Significance was measured using the chi-squared test, accepting two-tailed P values of less than 0.0001 as significant. Additionally required was that the most common residue in the two groups be different. (c) The 37 significant positions have been colored blue on ribbon diagrams of the α 1 and α 2 domains (left) and all extracellular domains (right) of the HLA-C*04:01 structure (Fan et al. 2001) peptides with charged P9 residues, whereas six of the low-binding allotypes do (Fig. 4c) . Included in their number is HLA-A*11:01, a highly peptide-dependent ligand for human KIR3DL2 (Hansasuta et al. 2004 ) that binds weakly to the nine rhesus KIR-Fc. These results point to a strong influence of the sequence of the bound peptide on the avidity of the interaction of HLA class I with rhesus lineage II KIR. This study demonstrates that rhesus macaque lineage II KIR recognize a broad variety of human HLA-A, -B, and -C allotypes that is not defined by a single epitope or sequence motif, as was observed, but to lesser extent, for certain orangutan (Popy2DLA and 2DLB) and human (KIR2DL2 and KIR2DS4) lineage III KIR (Graef et al. 2009; Moesta et al. 2008; Older Aguilar et al. 2010) . Such cross-reactivity is consistent with the MHC class I epitopes being structural variations on a common theme.
All nine rhesus KIR-Fc tested showed related patterns of reactivity, but 3DLW03 stood out for its high avidity and became the main focus for our analysis. Distinguishing 3DLW03 from seven of the rhesus KIR analyzed here is the absence of three amino acids in Fig. 4 Shown is a comparison of peptide preferences from the SYFPEITHI database (Rammensee et al. 1999) for HLA class I with high (a) and low (b) binding to rhesus 3DLW03 as shown in Fig. 3 . HLA are listed in order from top to bottom of decreasing interaction with 3DLW03. Anchor residues are boldened and auxiliary anchors are underlined. In part c, the nonpolar residues are replaced with N, uncharged polar with U, positive with "+", and negative with "−" at P9. The bound HLA favor nonpolar P9 residues the D0 domain following residue 34 (Kruse et al. 2010) , and is a property 3DLW03 shares with human lineage II KIR (Fig. 5) . The loop comprising residues 30-34 of human lineage II KIR is predicted to contact bound HLA class I (Sharma et al. 2009 ), suggesting the insertion in rhesus macaque KIR could increase the size of the loop and alter interaction with MHC class I. Thus the absence of this insertion could contribute to the high avidity of 3DLW03 for HLA class I. This cannot be the only factor because 3DS05 lacks the insertion, but has intermediate avidity comparable to 3DSW08 that has the insertion. Other candidates for contributing to the avidity difference are the 35 amino acid substitutions that distinguish the extracellular domains of 3DLW03 and 3DSW08 (Fig 5) .
Discussion
The striking result of this study is that rhesus lineage II KIR bind more strongly and broadly to HLA-C, than to HLA-A and HLA-B. This result was not anticipated, first because rhesus macaque has counterparts to HLA-A and -B but no counterpart to HLA-C, and second because human lineage II KIR bind to HLA-A and -B epitopes but not to HLA-C epitopes. So how can this superior recognition of an apparently non-physiological ligand be explained?
All human HLA-C allotypes carry either the C1 or C2 epitopes recognized by human lineage III KIR. Of the two, C2 is more recently evolved and present only in human, chimpanzee, and gorilla. The more ancient C1 is carried by Fig. 5 Positions of amino acid sequence difference between the nine rhesus macaque lineage II KIR tested for binding to HLA class I and human KIR 3DL1*015 and 3DL2*001. Rhesus KIR 3DLW03*004 is used as the consensus and identity with it is marked with a dot. Gaps are marked with dashes. Numbering is based on 3DL1*015 (Sharma et al. 2009) all orangutan MHC-C and by varying numbers of human, chimpanzee, and orangutan MHC-B allotypes. The modern MHC-B and MHC-C genes originated with duplication of a MHC-B-like ancestor, following which one daughter locus remained B-like while the other evolved under natural selection in the hominids to become C-like (Fukami-Kobayashi et al. 2005 ). This history makes it possible that a C1-like epitope was present in the MHC-B-like ancestor and passed on to the progenitors of both modern MHC-B and -C. In that case an HLA-C1-like epitope could have been carried by MHC-B in the last common ancestor of Old World monkeys and hominoids and passed on to MHC-B in the modern rhesus population. Thus the increased binding of rhesus macaque lineage III KIR to HLA-C than to HLA-A and -B, could reflect physiological interactions of these KIR with rhesus MHC-B carrying an HLA-C1-like epitope. Indeed, the combination of valine 76 with asparagine 80 that characterizes the human C1 epitope is present in several groups of Mamu-B allotypes, as well as some Mamu-A allotypes (Robinson et al. 2011) . In contrast, the combination of valine 76 with lysine 80 that characterizes the human C2 epitope is present in neither Mamu-A nor -B. That rhesus KIR react similarly with both C1 and C2 does not preclude a C1-like epitope being the only physiological ligand, because orangutans, which lack C2, have KIR that recognize both physiological C1 and non-physiological C2 .
That some orangutan KIR react equally well with C1 and C2, shows that KIR can bind strongly to non-physiological MHC class I. To explain the strong reactions of rhesus KIR with HLA-C, it is therefore not necessary to postulate that rhesus macaque has a physiological MHC-C-like epitope carried by MHC-A or -B. Various lines of evidence suggest that MHC-C differentiated to became a more specialized and better source of KIR ligands than MHC-A and MHC-B (Abi-Rached et al. 2010a; Moesta et al. 2009; Older Aguilar et al. 2010) . In this view, the interactions of C1 and C2 epitopes carried by MHC-C with lineage III KIR would represent an improvement on the interactions of the lineage II KIR with the Bw4 epitope carried by MHC-A and MHC-B. Although this was naturally a process of co-evolution between cognate KIR and MHC class I, the changes made to the peptide-binding specificity and α 1 helix of HLA-C could also have imbued HLA-C with properties that make it an inherently stronger ligand for KIR than HLA-A and HLA-B. That we observe this for KIR derived from the rhesus macaque, a species for which none of the 95 HLA class I allotypes is a physiological ligand, provides further support for the model that MHC-C evolved away from MHC-B under selection for improving its capacity to provide better ligands for KIR.
